Chains of (TiO 6 ) octahedra occur in several crystal structures as fundamental building blocks, confirming the tendency of self-polymerization for (TiO 6 ) octahedra. There are two topologically distinct types of chains based on linkage of (TiO 6 ) octahedra, corner-sharing chains and edge-sharing chains. In this paper, we focus on the diversity of linkages between chains of (TiO 6 ) octahedra and (SiO 4 ) tetrahedra. In Ti-silicate structures based on chains of corner-sharing (Ti , where a and c are integers. These are not arbitrary formulae; the bond topology is such that all anions obey the valence-matching principle. The formulae of batisite, narsarsukite, titanite, the minerals of the labuntsovite group and quartz (Ti-free) are in accord with this general formula. In structures based on chains of edge-sharing (Ti 4+ 6 ) octahedra, the chains may be simple, branched or looped, and there is usually another complicating factor to the bond topology: additional components [e.g., (PO 4 ), Cl, [4] Al, Cr 3+ ] are common. None of the resultant structures have cubic, hexagonal or trigonal symmetry. There are numerous silicate minerals containing chains of (TiO 6 ) octahedra. In contrast, layers of (TiO 6 ) octahedra are rare and occur only in four structure types, and frameworks of (TiO 6 ) octahedra are not known in silicate minerals.
INTRODUCTION
Currently, the crystal structures of about 120 Ti-O compounds are known, half of them Ti silicates and half of them Ti oxides. Except for titanite, Ti silicates usually occur as accessory minerals and are less widespread than Ti-oxide minerals. Nevertheless, Ti silicates are fairly numerous, particularly compared to analogous sulfates, phosphates and arsenates: there are no Ti-sulfate minerals, one Ti-phosphate mineral and one Ti-arsenate mineral, although several Ti-silicate minerals also contain (PO 4 ) and (SO 4 ) groups. In minerals, Ti 4+ is generally [6]-coordinated, and less commonly [5]-coordinated. In many Ti-silicate minerals, Ti ↔ Nb substitution is common (r [ [6] Ti 4+ ] = 0.605, r [ [6] Nb 5+ ] = 0.64 Å; Shannon 1976) . Hence, when we refer to (TiO 6 ) octahedra, we include ({Ti,Nb}O 6 ) octahedra. In a crystal structure, (SiO 4 ) tetrahedra and (TiO 6 ) octahedra never share common edges; linkage of (TiO 6 ) and (SiO 4 ) groups involves only common vertices. If a (TiO 6 ) polyhedron contains a significant amount of M 3+ cations, then edge-sharing between (MO 6 ) and (SiO 4 ) polyhedra becomes possible. There is one common feature of (TiO 6 ) and (SiO 4 ) polyhedra: they tend to selfpolymerize (Pyatenko et al. 1976) , forming one-, twoand three-dimensional linkages. Dimers of (TiO 6 ) octahedra, connected via common vertices or edges, occur in several silicate minerals, e.g., astrophyllite: (K,Na) 3 (Fe 2+ ,Mn) 7 Ti 2 Si 8 O 24 (O,OH), leucosphenite: Ba Na 4 Ti 2 B 2 Si 10 O 30 . We will not consider them in this work, and will focus on more extensive polymerizations of (TiO 6 ) octahedra. Diversity in Ti-silicates results from two factors: (1) self-polymerization of (TiO 6 ) and (SiO 4 ) polyhedra, and (2) the dimensional similarity of motifs of polymerized (TiO 6 ) octahedra and (SiO 4 ) tetrahedra that allows these motifs to link together easily in a crystal structure. There are two types of self-linkage of (TiO 6 ) octahedra: (1) through a common vertex, and (2) through a common edge, each type of linkage producing a chain of (TiO 6 ) octahedra. Chains of (TiO 6 ) octahedra are fairly common, sheets of (TiO 6 ) octahedra are uncommon, and frameworks of (TiO 6 ) octahedra do not occur in structures of Ti-silicate minerals. Here, we examine this type of polymerization; we will not describe every Ti-silicate mineral, but will focus on those structures that exhibit the full diversity of the linkage of chains of (TiO 6 ) octahedra and different types of Si-O radicals. Our intention is to eventually produce a set of general formulae that generate all topologically and topochemically possible structures of Ti-silicate compounds.
CHAINS OF EDGE-SHARING (TIO 6 ) OCTAHEDRA
The two simplest types of chain of edge-sharing (TiO 6 ) octahedra are shown in Figures 1a and 1b . Both have the stoichiometry [TiO 4 ], but differ in the arrangement of adjacent octahedra (i.e., they are geometrical isomers). In Figure 1a , next-nearest-neighbor octahedra are in a trans configuration, and the resulting straight chain is a component of the structure of rutile; we designate this the rutile chain. In Figure 1b , next-nearestneighbor octahedra are in a staggered configuration, and the resulting kinked chain is a component of the structure of brookite; we designate this the brookite chain. We will write the formulae of these chains in terms of the translationally symmetric fundamental building block: [TiO 4 ] 4-for the rutile chain, [Ti 2 O 8 ] 8-for the brookite chain. The repeat distances along these two chains are ~2.8 Å for the rutile chain and ~5.6 Å for the brookite chain. These chains may be decorated either by other (TiO 6 ) octahedra, which link by vertex sharing, or chains may polymerize by vertex sharing to form ribbons or tunnels. Figure 1c shows a decorated brookite chain in which one of the two single-valence vertices of each octahedron in the chain links to a single (TiO 6 ) octahedron; the resultant formula is [Ti 4 O 17 ] 18-, and the repeat distance remains ~5.6 Å; such chains can be designated as branched chains (Liebau 1985) . Figure 1d shows a looped chain (Liebau 1985) (Fig. 1e) , each (TiO 6 ) octahedron shares three edges with other octahedra to form a vacant tetrahedron inside the cluster. In rutile, brookite and anatase, each (TiO 6 ) octahedron shares two, three and four edges, respectively, with adjacent octahedra. This cluster may be regarded as a derivative of the brookite structure because its constituent octahedra also share three edges with adjacent octahedra. Each cluster shares two common vertices with two adjacent clusters to form a [Ti 4 O 10 (OH) 4 ] 8-chain (Fig. 1e) . Table 1 The main building unit of the polyakovite-(Ce) structure is a layer of octahedra parallel to (001) (Figs. 2a,b ) (Popov et al. 2001) . This layer consists of two distinct rutile-like chains of octahedra in which each octahedron shares two trans edges with adjacent octahedra; the first chain involves (TiO 6 ) octahedra, and the second chain involves (Cr 3+ O 6 ) octahedra. (Gottardi 1960) , are structural dimorphs, neglecting the compositional difference at the octahedrally coordinated sites. The principal difference between the two structure-types involves the linkage of (TiO 6 ) octahedra and [ , and [10-11]-coordinated A(1,2) sites occupied primarily by REE, Ca and Sr. On the basis of structure topology (Macdonald et al. 2002) , chevkinite-group minerals can be divided into two groups: (1) chevkinite-(Ce), ideally (REE,Ca) 4 Fe 2+ (Ti,Fe 3+ ,Nb) 4 Si 4 O 22 (Sokolova et al. 2004 (Miyajima et al. 2002) 
Ti
4+ is an important constituent of the chevkinitegroup minerals. The degree of polymerization of (TiO 6 ) octahedra is different for polyakovite-(Ce) and other minerals of this group: we can assume that chevkinite-(Ce), strontiochevkinite, perrierite-(Ce), rengeite and matsubaraite have a layer of (TiO 6 ) octahedra in their structure. We will consider this type of layer later. In the crystal structure of vinogradovite, (TiO 6 ) octahedra share common edges to form zig-zag brookitelike chains along [001] (Fig. 4a) (Rastsvetaeva & Andrianov 1984 , Kalsbeek & Rønsbo 1992 . These chains are decorated by (NaO 6 ) octahedra and linked into a sheet parallel to (001) The principal building unit of the murmanite structure is a Ti-silicate block (TS); these blocks stack along [001] with weak hydrogen bonding between them (Khalilov 1989) . The TS block consists of a central sheet of octahedra and two adjacent sheets of heteropolyhedra containing (Ti 6 ) octahedra, (S 2 O 7 ) groups and (Na 8 ) polyhedra where represents any anion (Fig. 5a ). There are two types of chains of edge-sharing octahedra within the central sheet: (TiO 6 ) octahedra form a brookite-like (Ti 2 O 8 )
Vinogradovite
8-chain (cf. Fig. 1b ) and (NaO 6 ) octahedra form a chain of the same topology (Fig. 5b) . The (TiO 6 ) octahedra of the central sheet link to (Ti 6 ) octahedra of the adjacent sheets of heteropolyhedra to produce a branched chain with mixed edge-and corner-sharing of ( TiO 6 ) (Fig. 1d ) form a mixed tetrahedron-octahedron framework (Nekrasov et al. 1969) . Figure 6a Sitinakite is a zeolite-type Ti-silicate with tetragonal symmetry (Sokolova et al. 1989) (Fig. 8a) , Є Ti-O-Ti is ideally 180°, whereas for the zig-zag chain (Fig. 8b) , Є Ti-O-Ti is about 141°. The extended chain is a component of the structure of perovskite, CaTi 4+ O 3 ; we designate this the perovskite chain. The kinked chain is a component of the structure of titanite, CaTi 4+ SiO 5 , and we designate this the titanite chain. The repeat distance along the perovskite chain is ~4.0 Å and corresponds to the size of one (TiO 6 ) octahedron. The repeat distance along the titanite chain is ~7.1 Å and corresponds to two (TiO 6 ) octahedra. In terms of the Over the last five years, there has been extensive work on the nomenclature of the labuntsovite-group (LG) minerals (Chukanov et al. 1999 (Chukanov et al. , 2002 . The labuntsovite-group minerals, either Ti 4+ -or Nb-dominant, adopt orthorhombic or monoclinic structures. We chose korobitsinyte (Rastsvetaeva et al. 1997a) as an orthorhombic Ti-dominant representative of the labuntsovite-group minerals (nenadkevichite subgroup). Figs. 10a, 12a ). There are Na atoms and H 2 O groups in the interstices of the framework. Nenadkevichite, Na 8-x Nb 4 (Si 4 O 12 ) 2 (O,OH) 4 (H 2 O) 8 , is a Nb-dominant analogue of korobitsynite (Perrault et al. 1973 , Rastsvetaeva et al. 1994 . We chose lemmleinite-Ba (Rastsvetaeva et al. 1997b ) as a monoclinic Ti-dominant representative of the labuntsovite group (LG) of minerals (labuntsovite and lemmleinite subgroups). In the structure of monoclinic LG minerals (space group C2/m), there is an additional octahedrally coordinated site (D = Mn 2+ , Fe 2+ , Mg, Zn, Ⅺ), the so-called linking octahedron connecting every two [TiO 5 ] zig-zag chains in a layer parallel to (010) (Fig. 13a) Chukanov et al. (2002) stated that (1) the symmetry of the LG minerals depends on the configuration of the chains of octahedra, and that (2) chains are straight in the structure of orthorhombic members and corrugated in the structure of monoclinic members. Figure 14 shows that there is an infinite titanite [M 2 O 10 ] chain in both orthorhombic and monoclinic structures. The Є M-O-M is ~137° for the orthorhombic structure (Fig.  15a) and ~135.5° for the monoclinic structure (Fig. 14b) ; Figures 12b and 13b also illustrate this quite clearly. The topology of the chain is identical in both structures, i.e., that involving the linkage of (MO 6 ) octahedra and the linkage of (MO 6 ) octahedra and (SiO 4 ) tetrahedra of four-membered rings. The only difference is the presence of additional (DO 6 ) octahedra in the monoclinic structure (Fig. 14b) . 10.5 Zorite has an OD (order-disorder) type of structure: Ti, Si, Na and O (including OH) sites are partly occu- pied (Sandomirskii & Belov 1979 ). We will consider this structure neglecting its OD character.
Zorite
In (Figs. 15a, b) . Both chains link through common vertices of (TiO 6 ) octahedra and (SiO 4 ) tetrahedra to form a mixed octahedron-tetrahedron framework. Every two [Si 6 O 17 ] 10-chains share two vertices each with a [5]-coordinated (MO 5 ) polyhedron (Fig. 15a) . Na atoms are randomly distributed in large cages of the framework. Recently, the crystal structure of zorite served as a model for the synthesis of titanosilicate molecular sieves (Kuznicki et al. 2001) .
LAYERS OF (TIO 6 ) OCTAHEDRA There are only four known crystal structures of Ti silicate minerals with layers of (TiO 6 ) octahedra (Table 1) . Fersmanite, ideally Ca 4 (Na,Ca) 4 (Ti 4+ ,Nb) 4 (Si 2 O 7 ) 2 O 8 F 3 , contains a layer based on corner-sharing chains of (TiO 6 ) octahedra. Chevkinite-(Ce) and perrierite-(Ce) contain layers based on rutile chains of edge-sharing octahedra.The crystal structure of lorenzenite, ideally Na 2 Ti 4+ 2 (Si 2 O 6 ) O 3 , contains a layer with both corner-and edge-sharing of (TiO 6 ) octahedra. Fersmanite is the only silicate mineral with a layer of corner-sharing (TiO 6 ) octahedra. In this sense, it has no structural analogues. Safy'anov et al. (1984) described fersmanite as a Ti-silicate with perovskite-like chains of corner-sharing ({Ti,Nb}O 6 ) octahedra. In perovskite, there are extended chains of (TiO 6 ) octahedra with ЄTi-O-Ti ≈ 180°; in fersmanite, there are zigzag chains of (TiO 6 ) octahedra with ЄTi-O-Ti ≈ 130 and 144°. In fersmanite, [TiO 5 ] 6-chains polymerize to form a layer parallel to (001) (Fig. 16a) (Sokolova et al. 2002) (Fig. 16b) . Where two [TiO 5 ] 6-chains intersect, four octahedra share corners to form a [Ti 4 O 18 ] 20-cluster. In this cluster, each (TiO 6 ) octahedron shares three corners with other octahedra, forming a vacant octahedron at the center of the cluster. Four faces of this vacant octahedron are shared with faces of four (TiO 6 ) octahedra. Figure 16c shows a fragment of the layer containing four clusters; the [Ti 4 O 18 ] 20-cluster may be regarded as the FBB (Fundamental Building Block) of the layer, rather than the [TiO 5 ] 6-chain. In the [TiO 5 ] 6-chain, an octahedron shares vertices with two adjacent octahedra, whereas in a layer, each octahedron shares corners with four adjacent octahedra. According to the approach of Hawthorne (1983) , the FBB should be defined as the most strongly connected fragment of the structure, which in this case is the Originally, the crystal structures of chevkinite-(Ce) (Peng & Bun 1964) and perrierite-(Ce) (Gottardi 1960) were described as having layers of chains of (TiO 6 ) octahedra. Pyatenko et al. (1976) showed that the layers in the perrierite-(Ce) structure are built of octahedra with Ti dominant over other M cations. The layer is formed by [TiO 4 ] 4-rutile chains connected to each other via common vertices (Fig. 17a) . Sokolova et al. (2004) showed that there are two possibilities for cation assignment at the M sites, resulting in different degrees of polymerization of (TiO 6 ) octahedra: a chain or a sheet. The latter possibility results in identical sheets in chevkinite-(Ce) and perrierite-(Ce), but with different linkages between the sheets and the (SiO 4 ) tetrahedra (Figs. 17a, b) .
Lorenzenite is another silicate mineral with a (001) layer of corner-sharing and edge-sharing (TiO 6 ) octahedra (Sundberg et al. 1987) . The layer is built of brookite chains sharing common vertices (Fig. 18a) . In the layer, each (TiO 6 ) octahedron shares an edge with two adjacent octahedra within one brookite chain and one corner, with an octahedron from a neighboring chain. Within a layer, brookite chains extend along [010] (Figs.  18a, b) , and there is a difference of about 0.16 in the z 10-chains; (b) mixed framework of (TiO 6 ) octahedra, (TiO 5 ) polyhedra and (SiO 4 ) tetrahedra. In (b), the (TiO 5 ) polyhedra are shown as yellow circles. Legend as in Figure 2. coordinates of Ti atoms of neighboring chains. Therefore, brookite ribbons occur at two levels, giving rise to pseudotrigonal rings of six octahedra, each three from a different chain. Thus, linkage of (Ti 2 O 8 )
8-brookite chains results in a [Ti 2 O 7 ] 6-layer. Each (TiO 6 ) octahedron shares three cis vertices with three (SiO 4 ) tetrahedra from two [Si 2 O 6 ] chains (Fig. 18b) . The repeat distances along the chain of (TiO 6 ) octahedra and the chain of (SiO 4 ) tetrahedra (in the b direction) are intrinsically similar, and the corresponding b dimension is 5.233 Å. The brookite chains and [Si 2 O 6 ] chains form a block; stacking of two blocks along the [001] direction results in a c parameter of 14.487 Å (Fig. 18c) . In the crystal structure of lorenzenite, [7] -coordinated Na atoms occupy interstices of the mixed tetrahedron-octahedron framework.
GENERAL TOPOLOGICAL RELATIONS

Observations
There are some interesting general observations that may be made concerning these structures based on chains of (Ti 6 ) octahedra: (1) None of these structures have cubic, hexagonal or trigonal symmetry (Table 1) . There is a simple explanation for this. Let us consider first a chain of octahedra that are parallel to a symmetry axis. If the chain lies on the axis of symmetry, the topology of the linkages must correspond to that symmetry. Obviously, the only way that a chain of octahedra can lie on a 3-fold or 6-fold axis is if the octahedra share faces such that the 3-fold axis of the (holosymmetric) octahedra are coincident with the symmetry axis of the general structure. A chain of face-sharing (Ti 4+ O 6 ) octahedra is not expected to be stable because of the strong repulsive cation-cation interaction caused by this arrangement. If the chain lies off the axis of symmetry but is still parallel to that axis, it is possible to construct atom arrangements of chains of octahedra and silicate units, but the resulting structures are very microporous and unlikely to occur as structures without interstitial groups to support the structure. A similar argument applies to arrangements involving chains of octahedra that are not parallel to 3-fold or 6-fold axes in cubic, hexagonal and trigonal symmetry.
(2) In structures based on chains of corner-sharing (Ti 4+ 6 ) octahedra, the chains are neither branched nor looped; they are topologically simple [Ti n ] chains with n = 5. (4) In structures based on chains of edge-sharing (Ti 4+ 6 ) octahedra, the situation is much more complicated than in the case of structures based on chains of corner-sharing (Ti 4+ 6 ) octahedra. The Ti-chains are generally not simple, and they can also be branched or looped. In addition, there is commonly at least one other complicating factor in the bond topology. In minerals based on chains of corner-sharing octahedra, the structures consist of a Ti-silicate structural unit and an interstitial complex of alkali or alkaline-earth cations plus (OH) or (H 2 O) (or both). Minerals based on chains of edge-sharing octahedra do not usually have such a simple constitution; they usually have a Ti-silicate component, an interstitial complex of alkali or alkaline-earth cations plus (OH) or (H 2 O) (or both), and additional cation or anion components (or both). Polyakovite-(Ce) has a structural unit consisting of [Ti 4 ] chains and [(Cr 3+ ,Fe 3+ ) 4 ] chains that share vertices (Fig. 2a) to form a sheet. Vinogradovite (and paravinogradovite) are unusual in that the tetrahedrally coordinated part of the structural unit is an aluminosilicate unit rather than a silicate unit (as is the case in all other structures of this group). The minerals of the lomonosovite group all contain phosphate groups in addition to the silicate groups. Baotite has Cl as a component of the interstitial complex (no other mineral of this group has interstitial Cl). Sitinakite has a looped chain in its structural unit, and this chain has both corner-and edge-sharing between (Ti 4+ 6 ) octahedra. Murmanite (Fig. 5) is the only exception; it has a branched Ti-chain, but otherwise has no additional compositional complication.
Why do structures with chains of corner-sharing (Ti 4+ 6 ) octahedra have simple structural units with non-branched non-looped [Ti 5 ] chains and silicate units, whereas structures with chains of edge-sharing (Ti 4+ 6 ) octahedra have complicated structural units with titanate chains that are generally not simple but branched or looped, tetrahedrally coordinated units that are not purely silicate in composition, and with additional compositional and topological complications in either the structural unit or the interstitial complex?
(5) In Ti-silicate minerals, chains of (Ti
4+
O 6 ) octahedra are common, sheets of (Ti 4+ O 6 ) octahedra are uncommon, and frameworks of (Ti 4+ O 6 ) octahedra do not occur.
CHAINS OF CORNER-SHARING (TI 4+
⌽ 6 ) OCTAHEDRA Table 2 indicates the possible linkages that can occur in a Ti-silicate structure, together with the ideal bond-valences incident at the anions and the possible identities of those anions. This table will serve as a guide to the linkages that are possible in a Ti-silicate structure.
We may write the stoichiometry of a simple chain of corner-sharing (TiO 6 ) octahedra as [TiO 4 ], where is the bridging anion of the chain. Inspection of The easiest way to satisfy the incident bond-valence requirements of these non-bridging anions is for them to link to Ti atoms (Table 2) . If all of the equatorial bonds of the Ti-chain are used to satisfy all of the nonbridging anions of the silicate group, we may write the formula of the resulting Ti-silicate framework in the following way:
Note that the requirement that bonds from Ti satisfy the non-bridging bonds of the silicate group means that
Moreover, the connectivity within the silicate unit requires that e = 4c -2d
The charge, Z -, on the resulting Ti-silicate structure can be written as follows:
Substituting for a and e from equations (1) and (2) gives 
Note that the variables c and d in equations (4a) and (4b) involve only the silicate part of the structure. Hence we can systematically examine possible structuretopologies and the charge constraints on the interstitial cations by examining Z -as a function of possible values of c and d. However, there are additional constraints operative on the possible stoichiometries of these structures. Eliminating e from equations (1) and (2) gives
As a must be an integer, d must be even, i.e., d = 2n (n = 0, 1....)
Also, in order that the silicate unit be continuous,
Case 1 Table 3 lists the resulting values of c, d, a and Z, together with some allowed formulae, the general formula and structural examples. Titanite, batisite, korobitsynite (plus all other labuntsovite-group minerals) and narsarsukite (plus quartz as a Ti-free example) are all generated by this scheme, together with several other predicted stoichiometries. (4) In structures based on chains of edge-sharing (Ti 4+ 6 ) octahedra, the chains are simple, branched and looped. These structures commonly contain other highbond-valence polyhedra [unlike the structures based on chains of corner-sharing (Ti 4+ 6 ) octahedra] and need to be considered from a more general perspective.
